Alphaviruses are positive stranded RNA viruses that replicate to extremely high titers. Sindbis and Semliki Forest viral vectors are widely used tools for high-level production of recombinant proteins. Recent studies have broadened their scope to vaccine production, gene therapy, and analysis of cell function. Here we discuss the development of non-cytopathic and inducible expression vectors which can be applied to bioprocess development strategies. Furthermore, a Sindbis-based expression cloning system has been developed that allows for the rapid identification of genes encoding proteins with a selected functional activity.
Introduction
Alphaviruses are positive stranded RNA viruses, belonging to the family of the Togaviruses. The cloning of full-length cDNAs of alphaviruses (Rice et al. 1987; Davis et al. 1989; lead to one of the best-defined animal virus expression systems known. Their biology has been described in various excellent reviews and is therefore only briefly discussed here (Strauss and Strauss, 1994; Schlesinger and Schlesinger, 1996) . Cells of both vertebrate and invertebrate origin can get infected via receptormediated endocytosis. After RNA release into the cytoplasm, the 5' two-third of the genome encoding four non-structural proteins is translated to form the viral replicase. The replicase amplifies the positive strand genomic RNA via a negative strand intermediate from which high amounts of subgenomic RNA is produced. The subgenomic RNA is represented by the 3'end of the alphavirus genome and encodes the structural proteins, consisting of the capsid and the envelope proteins ( Figure 1A ). The identification of nontranslated cis-acting elements sufficient for the RNA replication made it possible to design alphaviral expression vectors that can express virtually any gene of interest in any replication permissive host cell. In this paper we present the latest applications of alphaviral expression systems.
Alphaviral expression vectors
Several members of the alphavirus group, including Semliki Forest virus (SFV), Venezuelan equine encephalitis (VEE) virus, and Sindbis (SIN) virus, have received considerable attention as expression vectors (Xiong et al. 1989; Lundström 1997; Frolov et al., 1996) . Because of the cytopathic replication of the virus, the first generation of RNA-based vectors could only be used for transient expression. However, these expression vectors have several advantages. First, the high level replication and host cell protein biosynthesis shut-off lead to high expression levels (Kaariainen and Ranki, 1984) . Second, the relatively small size of the positivestranded alphavirus RNA allows manipulation of the corresponding cDNA by standard recombinant DNA techniques, which is subsequently in vitro transcribed into RNA. Third, the replication occurs entirely in the cytoplasm, circumventing RNA export from the nuc- Figure 1 . Structure of the alphavirus and the alphaviral vectors. (A) The alphavirus genome consists of the non-structural proteins (nsp) and the genes for the structural proteins under control of the subgenomic promotor (sp). The 5' non-translated region (NTR) and 3'NTR are recognized by the viral replicase and are required for replication. (B) Alphaviral vectors have been developed by placing a gene of interest (goi) under control of the subgenomic promotor. Viruses can be produced by providing the genes for the structural proteins under control of a second subgenomic promotor in cis (double subgenomic), or in trans on a defective helper construct (bipartite). Replication competent viral particles are formed when the defective helper RNA contains a packaging signal (ps). Replication deficient particles are produced when the ps is deleted resulting in particles lacking the structural genes. leus and adventitious splicing (Garoff and Li, 1998) , and fourth, their broad host range (Strauss and Strauss, 1994) .
Two types of alphaviral expression systems have been described, the double subgenomic and the bipartite system ( Figure 1B) . In both systems the gene of interest is placed under control of a second subgenomic promotor. The RNA-based vectors are transcribed in vitro from a bacteriophage promotor to produce infectious RNA that can be transfected into the cytoplasm by electroporation. The structural proteins can be provided in cis by using a second subgenomic promotor on the same construct ( Figure 1B , double subgenomic; Raju and Huang, 1991; Hahn et al., 1992) , or in trans by co-transfection of a second, so called defective helper construct lacking a functional replicase (Figure 1B, bipartite; Breedenbeek, 1993) . Both approaches may result in high viral titers, and the recombinant viruses can infect a new layer of cells leading to high-level expression of the gene of interest. By co-transfecting defective helper constructs lacking the packaging signal, viral particles are produced that do not contain the RNA coding the structural proteins and therefore fail to produce new viral particles.
In the DNA-RNA layered expression systems, a eukaryotic promotor is placed upstream of the alphaviral replicon (Herweijer et al., 1995) . After transcription, an RNA molecule is transported from the nucleus to the cytoplasm where it is replicated as during normal infection. Recombinant viral particles can be produced by co-transfecting a DNA-based defective helper packaging construct, or transfection of packaging cell lines stably expressing the viral structural proteins with the alphaviral replicon containing the gene of interest (Polo et al., 1999) .
Vaccine development and anti-tumor strategies
Both RNA-and DNA-based systems are being used and modified for specific applications. A very promising field in which both types of vectors are used is in vaccine production. Important advantages of vaccination with alphaviral particles expressing an antigen are the high expression levels and their broad host range, leading to efficient infection of cells in vivo. Moreover, VEE virus preferably infects the professional antigen presenting dendritic cells (MacDonald and Johnston, 2000) , resulting in efficient presentation of the antigen to the immune system. The same is achieved for SIN virus vaccines by insertion of a point mutation in the glycoproteins . The use of alphaviral particles and naked alphaviral DNA has led to protective immune responses generated against several viruses, including influenza virus (reviewed by Schlesinger and Dubensky, 1999; Fleeton et al., 2001) . However, studies focussed on the development of alphaviral-based vaccines against SIV, the simian variant of HIV, have shown some success as well. Monkeys vaccinated with SFV or VEE vectors coding for different SIV antigens produced antigen-specific antibodies and cytotoxic T-lymphocytes (CTL). Upon infection with lethal doses, SIV titers were in some cases reduced to undetectable levels in the pre-immunized animals (Davis et al., 2000; Mossman et al., 1996; Berglund et al., 1997) . It will be interesting to see whether protection against primary viral isolates can be achieved.
Various groups have used SIN and SFV-based vectors for anti-tumor therapy. Some examples include the injection of mice with SFV particles expressing variants of the P815 antigen from mastocytoma tumors (Colmenero et al., 1999) or the human papillomaviral proteins E6 and E7, which induce the development of cervical carcinomas (Daemen et al., 2000) . The antigens elicited strong CTL responses and mice were protected against tumor challenge. Similar results have been obtained with injection of RNA-and DNA-based SIN and SFV vectors encoding various tumor antigens (Ying et al., 1999; Leitner et al., 2000) . Cancer cells injected in pre-immunized mice did not form solid tumors and mice bearing established tumors lived longer after therapeutic immunization than the controls.
An alternative use of SFV for anti-tumor therapy was described by Asselin-Paturel et al. (1999) . In this study, established tumors were injected with a SFV vector encoding IL-12. Significant tumor regression was observed, whereas no inhibition of tumor growth was shown when the tumor was injected with a SFV vector encoding a marker protein. It could be concluded that this effect was elicited by anti-tumor activity of IL-12 and not by the apoptosis induced by the alphavirus. Interestingly, another study did show inhibition of tumor growth when injected with SFVLacZ or SFV-GFP (Murphy et al., 2000) , indicating that SFV may also have direct anti-tumor activity. Moreover, ex vivo infection of human prostate tissue and prostate cancer cell lines with SFV encoding beta-galactosidase resulted in rapid cell death as well (Hardy et al., 2000) .
A third approach in anti-cancer therapy using alphaviruses is indirect immunotherapy. Intraperitoneally growing tumors infected with SFV particles coding granulocyte-macrophage colony-stimulating factor (GM-CSF) resulted in inhibition of tumor growth (Klimp et al., 2001) . In contrast to multiple injection with recombinant GM-CSF protein, injection of the viral particles increased numbers of neutrophils and macrophages that were activated to tumor destruction. Although survival of mice was not prolonged, alphaviral-based immunotherapy may have potential in combination with other treatments or by using other immuno-modulating proteins.
The strong replication of the SIN and SFV replicons results in high antigen levels, which are efficiently presented to the immune system. Apoptosis of the alphaviral-infected cells and uptake of these dead cells by professional antigen presenting dendritic cells, plus the formation of double stranded RNA may boost the immune system. Although most protocols still use multiple injections of alphaviral particles to elicit a protective response, numerous studies have suggested alphaviral vectors as efficient alternatives for anti-tumor strategies and the development of vaccines against viruses.
Gene therapy and cell function
Viral vectors are the systems of choice for use in gene therapy applications. Several viruses including retrovirus, adenovirus and Herpes virus have been studied extensively for transient or stable transduction of different cell lines in vivo (Kay et al., 2001 ). The use of alphaviruses for in vivo applications has mainly been focussed on vaccination and anti-tumor studies. However, the high-level and transient mode of expression can also be a safe alternative for short-term correction of mutated genes. Potential gene therapy applications for the brain have been described in which SIN viral particles encoding the beta-galactosidase gene were injected into the brain of mice (Altman-Hamamdzic et al., 1997) . Marker gene expression was detected for up to 14 days in neurons. The behavior of the test animals was not changed during this period, suggesting a decrease in cytopathicity of the Sindbis vector in brain cells. Similar experiments were described for SFV particles injected in the brain of rats . Expression was detected up to 4 weeks, but the authors ascribe this to the high stability of the beta-galactosidase protein. The RNA could be detected for up to 4 days, confirming the transient nature of SFV vector-based expression.
By targeting viral particles to specific tissues or cell types in the body, the opportunity for gene therapy strategies may be increased. Ohno et al. (1997) introduced the IgG-binding domain of portein A in one of the glycoproteins of SIN viral particles. By the addition of a monoclonal antibody specific for a certain cell type, cells of choice could efficiently be infected. Although this application is being studied for anti-tumor therapies (Lijima et al., 1999) , it may also be used for targeting of recombinant particles for the transient correction of mutated genes or the in vivo study of gene products.
Alphaviral vectors not only have a potential for gene therapy but they are also important tools for the in vitro study of neuron-function as well. Maletic-Savatic et al. (1999) and Ehrengruber et al. (1999) isolated hippocampal slices from rat brains and showed that different neuronal cell types could be efficiently infected and expressed high levels of GFP. These GFP-positive neurons could easily be identified by fluorescence mircroscopy and examined in morphogenesis studies (Maletic-Savatic et al., 1999) . Mutants of SFV were constructed with decreased cytopathicity in hippocampal neurons resulting in increased and prolonged expression of GFP. Together with the new temperature-sensitive, non-cytopathic SFV vectors showing tight regulation of marker protein, these vectors will have interesting applications in neurobiology for physiological analysis of selected gene products (Lundström et al. 2001) .
Adult cardiomyocytes are difficult to transfect prohibiting in vitro studies. Datwyler et al. (1999) described efficient transduction of isolated adult cardiomyocytes by SIN vectors and found a decreased cytopathic effect in these cells. SIN vectors that are non-cytopathic for heart cells will be important tools for cardiovascular studies, and may even have potential for gene therapy.
Functional genomics
With the completion of the sequencing of the human genome, a great number of new genes have been identified. However, for the majority of genes, the function has not been elucidated. Functional expression cloning is based on the expression of a pool of genes from a library and screening for specific protein function. Thus, expression cloning starts with a pre-defined biological function and ends with the gene sequence, in opposite to the genome sequencing approach.
All expression-cloning methods are based on a similar principle (Okayama and Berg, 1983) . The total genetic information of transcribed genes in a cell type or tissue is represented by the mRNA pool. These pools are transformed into a cDNA library by reverse transcription. The cloning of this library into a suitable expression vector allows the expression of all cDNAs by introducing this library into a host cell line. Those cells expressing a desired biological function can be selected, and the cDNA sequence leading to the specific function can be obtained by PCR.
Expression cloning technologies for the screening of human genes have preferentially been developed using eukaryotic expression systems, taking advantage of the correct ribosome binding site, protein folding, topology, and in particular glycosylation. Screening eukaryotic cDNAs was first described more than a decade ago based on the transient expression of cDNA libraries in COS cells using SV40 based expression vectors (Okayama and Berg, 1983; Wong et al., 1985) . Although the COS expression system was successfully applied to identify a variety of proteins (Vassar et al., 1999; Simonsen and Lodish, 1994; Aruffo and Seed 1987a, b; Seed and Aruffo, 1987) , the system suffers from low transfection efficiencies and multiple labor-intensive screening and transfection rounds are needed (Munro and Maniatis, 1989) . The development of the retroviral expression cloning method allowed for screening of a wide variety of cell lines and even primary cells, resulting in the discovery of a num- Figure 2 . Library construction and screening methods. mRNA from a cell line, an organ or a tissue is reverse-transcribed into cDNA and cloned in the pSinRep5 expression vector. The SinRep5 cDNA library is transfected into BHK cells together with a defective helper construct and viruses representing the cDNA library are released. BHK cells are infected with these viral particles resulting in the expression of one cDNA per cell. Cells are subsequently screened for proteins with a desired function. Membrane proteins can be screened by FACS analysis (left part). The one-gene-per-well format screens for secreted proteins (right part). Released recombinant viruses containing the desired RNA are amplified, and the recombinant RNA is isolated and sequenced. The virus can also be used for production of the selected protein.
ber of proteins (Kitamura et al., 1995; Whitehead et al., 1995) . Major difficulties of the system are the relatively low expression levels, the decrease in representation of mRNAs of the library when cDNAs confer instability to the virus, or inhibit the reverse transcription event, and the time-consuming expansion of selected cells displaying a certain function. Moreover, cDNAs coding for toxic proteins will often get lost during this last step.
To circumvent the problems with existing library expression methods, a Sindbis-based screening system, referred to as DELphi, was developed (Koller et al., 2001) . Alphaviral expression systems offer a number of advantages for functional expression cloning in mammalian cells. Using recombinant SIN virus for infection allows for high level and monoclonal expression of a cDNA because one virus is sufficient for a full replication cycle (Johnston et al., 1974) . The virus can easily be amplified and the cDNA encoded recovered. The alphaviral-based functional cloning system is outlined in Figure 2 . The total mRNA of a certain (diseased) tissue, organ, or cell line is converted to cDNA and cloned into the pSinRep5 SIN-based expression plasmid ( Figure 1B ) under the control of the viral subgenomic promotor (Breedenbeek et al., 1993) . In vitro transcribed RNA is electroporated into mammalian cells together with a defective helper construct ( Figure 1B) , leading to the generation of an alphavirus library. Every replication competent viral particle contains one RNA molecule encoding the structural proteins and one RNA encoding the viral replicase and a library derived cDNA. This viral library is used to infect a new layer of mammalian cells, which are subsequently screened for a desired function. Two screening methods have been developed resulting in the cloning of different genes (Figure 2 ). In the one gene per cell format, BHK cells are infected with the alphaviral library and incubated with a certain potential binding partner, such as a ligand or a specific antibody. Using fluorescence-activated cell sorting (FACS), labeled ligand-or antibody-binding virus infected cells may be isolated. Infective Sindbis virus particles harboring the corresponding cDNA that are released from the sorted cells can be amplified by infection of a new layer of BHK cells. The sequence of the specific ligand-or antibody binding receptor may then be obtained by RT-PCR of the RNA from the infected cells using primers binding to Sindbis sequences directly up-and downstream of the insert. Within one round of selection, viral clones encoding proteins recognized by monoclonal antibodies against Figure 3 . Cloning of CD16 cDNA from a complex cDNA library. cDNA from peripheral blood lymphocytes was cloned into the pSinRep5 expression vector and a Sindbis virus library was generated. BHK cells were infected and screened for CD16 with a labeled anti-CD16 antibody and dead cells were sorted out by propidium iodide (PI) staining. 18 cells out of 7.5 × 10 5 showed binding of anti-CD16 antibodies (A). FACS sorted cells were diluted on sub-confluent naïve BHK cell layers to amplify the virus resulting in over 20% CD16 positive cells after two virus passages (B, C). The recombinant viral RNA was isolated, reverse-transcribed and sequenced.
CD4, CD28, CD16 (Figure 3) , and of unknown specificity could be isolated from a mouse spleen cell library. These results showed that genes could be cloned out of a complex library in only one screening step.
The 'one gene per well' screening method is used to clone new secreted proteins. The viral particles from the alphaviral library are used to infect a subconfluent BHK layer in 96-well plates. Supernatant containing secreted proteins encoded by the recombinant viruses are harvested and placed on a different indicator cell line. Their effect on differentiation, activation, cell death, enhanced survival, or migration of a specific cell type are subsequently assessed. The virus containing supernatants must be re-screened to clone the virus-encoded gene responsible for the observed activity. We screened e.g. for the activation and maturation of dendritic cells, important cells in immune responses, and found the tumor necrosis factor alpha, and an unknown protein, which is now further analyzed.
In conclusion, the features of the alphaviral expression system allowed us to develop a screening method for the rapid cloning of genes from complex libraries. Infectious viruses are readily obtained from infected cells and sufficient virus can be generated within 48 hours from a single infected cell to sequence the library-derived cDNA.
Vector development
The original and most obvious use of alphaviruses is the high-level production of recombinant proteins Lundström, 1997) . Although numerous Sindbis, Semliki Forest and Venezuelan equine encephalitis virus-based expression systems exist, novel sophisticated alphaviral-based expression vectors are being developed for specific applications. An interesting finding was the identification of mutations that render the viral replicase non-cytopathic. Via two different approaches, mutations in the nsp2 gene of the viral replicase have been identified rendering the replicase non-cytopathic for both SIN virus and SFV (Dryga et al., 1997; Agapov et al., 1998; Frolov et al., 1999; Perri et al., 2000) . Weiss et al. (1980) established a persistenly infected BHK cell culture by infecting cells with a virus preparation enriched in defective interfering particles (DI) (Strauss and Strauss, 1994) . DIs are deleted forms of standard alphaviruses incapable of autonomous replication, and require co-infection of standard virus for their replication. Almost two decades later, Dryga et al. (1997) identified a single amino acid change in the nsp2 protein (Pro726Ser) that resulted in the persistent, non-cytopathic nature of the virus. Incorporation of this mutation in SIN expression vectors led to higher and prolonged marker protein expression than obtained with the wildtype replicase. Another strategy to select non-cytopathic SIN replicons was developed by Agapov et al. (1998) . A replicon encoding the puromycin N-acetyltransferase gene was transfected in BHK cells. Transfected cells were selected by puromycin. However, tranfected cells could only survive when a mutation was introduced during replication that rendered the replicase non-cytopathic. This mutation was identified as a predicted proline to leucine amino-acid change in exactly the same locus as the mutation identified by Dryga et al. (1997) . A similar strategy was applied to screen for new non-cytopathic mutations in SFV and Sindbis . Some of the identified mutations resulted in a decrease of viral RNA synthesis and packaging efficiency, but marker protein production was hardly changed in most of the mutants tested (Frolov et al., 1999; Perri et al., 2000) . These non-cytopathic replicons with reduced effect on host cell metabolism have potential for longterm high-level expression in different fields of both research and biotechnology. Examples include gene therapy, neurobiology (Lundström, 1999 (Lundström, , 2000 and viral research (Schlesinger, 2000) .
We used the non-cytopathic mutation in the nsp2 gene, together with a temperature sensitive mutation in nsp4 (ts6) for the construction of a temperatureregulatable DNA-based alphaviral expression system (Boorsma et al., 2000) . The double mutated replicon, referred to as pCytTS, makes the establishment of stable transfected cell lines possible that express recombinant proteins upon shift to temperatures lower than 35 • C, with maximal expression at 29 • C. No expression could be detected at 37 • C. The high stringency allowed the generation of stable cell lines expressing the strong pro-apoptotic protein RipDD upon induction. A variety of proteins have been produced in different cell lines (Table 1) . Important advantages include the simple mode of induction for which no chemical inducer is required, the fast construction of stable cell lines because all elements for regulatable expression are present on one plasmid, and the high inducibility, even in transiently transfected cells. The precise regulation of expression by temperature allows the development of new bioprocess strategies for the production of 'difficult proteins', but also facilitates the study of toxic proteins. Lundström et al. (2001) introduced mutations in the non-structural proteins of SFV that rendered the virus less cytopathic and expression temperature sensitive. Infected BHK and primary neurons showed high and prolonged expression at 31 • C, but no expression could be detected at 37 • C. These mutant viruses will have applications in neurobiology, as described above, but may also res- ult in powerful SFV DNA-based inducible expression systems similar to the pCytTS vector.
Conclusions
Alphaviral vectors are used for a variety of applications. The ease of handling, its efficient RNA replication, and its broad host range make the alphaviral expression system the method of choice for highlevel production of recombinant proteins. Although only a few papers describe the use of alphaviruses for large-scale protein production, the newest vectors with increased safety should make them an attractive alternative to conventional methods. Very promising results have been obtained using the vectors for vaccine development and gene therapy. We added two Sindbis-based technologies to the alphaviral toolbox. Our functional expression cloning system allows the rapid identification of cDNAs from complex libraries specifying a functional activity. Several features of the alphaviral expression system distinguishes this screening system from other methods, including high expression, super-infection exclusion, and strong amplification of selected recombinant viruses. The temperature regulatable expression system combines the high expression levels of alphaviral vectors with the construction of stable cell lines for the production and study of pro-apoptotic proteins. The latest developments in alphaviral expression systems result in useful tools for the present era of gene discovery, gene therapy, vaccine development and recombinant protein production.
